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ABSTRACT 

This paper describes the design, construction and test- 
ing of a pulsed high voltage regulator installed in one 
modulator of the Naval Postgraduate School Linear Accelera- 
tor. The design is adapted from a similar network in use 
at Stanford University. The prototype system was found to 
improve the voltage regulation by a factor of I68, and to 
eliminate undesirable energy shifts in the electron beam 
due to fluctuations in line voltage. 
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I. INTRODUCTION 



This paper concerns the problem of and solution for 
the regulation of pulsed high voltage for klystrons of the 
linear electron accelerator (LINAC) at the Naval Postgrad- 
uate School (NFS). 

A. BACKGROUND TO THE PROBLEM 

The LINAC is a thirty foot long cylindrical disc-loaded 
waveguide . When microwave energy of the proper frequency 
is propagated down the waveguide, a part of each cycle of 
the travelling wave has its electric field directed axially 
and is moving at the speed of light. Electrons which are 
injected into the structure, at or near the velocity of 
light, are accelerated by this axially-directed field. 

Since the electrons remain in a constant phase relationship, 
the electrons can experience an accelerating force for the 
entire length of -the LINAC, thus increasing their energy 
from, a comparatively' small initial value to a large final 
value. ^ 

The final energy of the accelerated electrons is pro- 
portional to the square root of the product of the total 



^Stanford University Microwave Laboratory Report 173 j 
Pulsers for the Stanford Linear Electron Accelerators , 
Nov. 1952, p. 1. 
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power and the length of the waveguide. At NFS, the maxi- 
mum energy is about 108 million electron volts (MeV) . In 
order to achieve this, the LINAC is divided into three ten- 
foot sections, and each section is supplied with seventeen 
megawatts (MW) peak power. The power is obtained from 
individual high power klystron amplifier tubes. 

The input power required to each of the three klystrons 
is 125 MW. On a continuous input power basis, the result- 
ing input power need of 375 MW would be completely out of 
the question. Therefore, the input power to the klystron 
amplifiers is pulsed; that is, the equipment is turned on 
for a short period of time (two microseconds (ps) in this 
case), and then allowed to rest (for I /60 of a second). 

The duty cycle (time-on divided by total time available) is 
thus .00012, and this reduces the average input power 
requirement per klystron to 15 kilowatts (kW). 

The pulsing is accomplished by charging a pulse forming 
network (PPN) to a working voltage and discharging it to 
the klystron using a thyratron switch. This system is 
called the modulator and there is one modulator for. each 
klystron. The pulses have a peak voltage of approximately 
220 kV and they are delivered to the cathode of the klystron 
through a pulse transformer, turning the klystron on for 
2ys. The accuracy of many of the electron-scattering 
experiments done with the LINAC depends on the steadiness 



^Ibld, p. 2. 
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of the amount of energy given to the electrons each cycle. 
This energy depends on the output power of the klystron 
during the "on" time of the cycle. It is known that this, 
output power depends in turn on the amplitude of the beam 
voltage in the klystron. 

If the energy imparted to the electrons fluctuates 
from cycle to cycle, this results in energy shifts of the 
beam as well as reduced beam intensity. For large shifts, 
i.e., if the amount of energy in a given pulse deviates 
beyond a limiting point, the entire beam is "lost" and the 
high voltage must be readjusted by the operator. Although 
there were other causes of pulse-to-pulse energy deviation, 
the main cause was the pulse-to-pulse voltage fluctuation 
on the klystron. Figure 1 shows the basic components of 
the modulator. The problem was attacked by attempting to 
hold constant the peak voltage built up on the PFN. 

B. SURVEY OF APPROACHES TO THE SOLUTION 

Figure 2(a) shows a simplified diagram of the charging 
network. The principle of this network is the well-known 
"resonance charging"; i.e., using the high-Q of the effec- 
tive L-C network to effectively double the voltage from the 
supply. Figure 2(b) shows the voltage waveform across the 

PFN. Without the charging diode, the circuit would oscil- 

1/2 

late at its natural frequency l/(LCppj^) , and the ampli- 
tude of the voltage would be as shown in the dotted 

lines of the figure. The inductor would initially begin 
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FIGURE 1 - SIMPLE DIAGRAM OF ONE MODULATOR 





p dioL3mfto^ c\ioiY'3in3 Y>e.twork 

CO Inductor caYreni vs.6)t 



13 



to store energy, as would the capacitor, until wt=7r/2, at 
which point the inductor would begin to act like a source 
and dump its energy into the capacitor. Thus, by wt=ir the 
current is zero and the voltage across the capacitor is 
2Vj^^, and there is no energy left in L. However, with the 
series charging diode present , the current may not reverse 
its direction; thus, instead of seeing the capacitor dis- 
charge into the inductor (as would normally happen) and the 
oscillations occur, the current remains zero, and the PPN 
capacitor remains charged up until switch S is closed and 
then all the energy in is dimiped into the klystron 

load. At that point, the network begins to recharge and 
the cycle is repeated. 

One can see that if varies for any reason, then 
^PPN constant. At first it was thought that 

the best way to solve the problem would be to regulate 

However, is a very large voltage. It is generally 

between sixteen and twenty kV. Some type of threshold 
device like a zener diode, which works well at low voltages, 
was at first considered, but it would have required a 
prohibitively long string of them to provide regulation. 
Also, the current which would have had to be diverted was 
in the ampere region. 

Another idea to try to control was to use a chopped 

or pulsed sinusoid at the input to the dc power supply. It 
was really a gated sinusoid and by varying the duty cycle 
of the pulse train applied to the gate, the average ac 



power fed into the supply could be very accurately con- 
trolled, and thus so could However, the output of the 

power supply contains a large inductor and the usual fil- 
ter capacitor. It was not desired to face the high voltage 
problems associated with instantaneously stopping and start- 
ing current in that inductor. 

Another possibility was to try to regulate the ac all 
the way back at the input transformers. There are devices 
which do this magnetically within the transformer. However, 
a magnetic system is inherently slow (even for sixty-cycle 
operation), and a transformer of the type needed would have 
been too costly and not accurate enough. 

Another way to regulate ac was to use feedback from the 
sampled signal to small electric servo-motors connected 
mechanically to the variacs which control the amount of 
incoming ac. Howevei’, this was felt to be too slow and 
lack sufficient accuracy, and also to have Inherent stabil- 
ity problems. 

The problem could therefore not be treated as a normal 
case of ac or dc regulation, but each pulse had to be moni- 
tored and regulated. Since the mode of operation was al- 
ready pulsed, the controller had to be pulsed also. What 
was needed was an alternate path to switch the current from 
the inductor once the desired value of Vppj^ had been reached. 
Then, this "threshold" could be set lower than the lowest 
expected variation of working voltage and the "alternate 
path" could handle the remaining current in the choke. 
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This, of course, would be amplitude-controlled and would 
be able to regulate on each individual pulse. 

Much work had already been done and the problem had 
been solved by a number of other people involved in LINAC 
design. The purpose of this project was to adapt the design 
to the NFS LINAC and to construct a regulation system for 
the high voltage modulator. 

C. THE SOLUTION AND A BRIEF DESCRIPTION OF THE SYSTEM 

As will be discussed later in the paper, the best 
method to accomplish the necessary regulation has been to 
use a low-Q tank circuit as the alternate path. The pro- 
cess of switching from the hlgh-Q to a low-Q circuit is 
what gives the circuit its name: "de-Q'ing". Figures 3 and 
show the general layout of the original design, as well 
as the Important waveforms. In essence, the voltage 
is held at the trigger value by keeping the charging diode 
reverse-biased while dissipating the remaining choke energy 
in resistor R. The analysis and construction of such a 
clrc.ult will be the subject of this thesis. 

Because- of the high voltages involved and the speed at 
which the switch must be made, it was decided to use 
hydrogen thyratrons as switches. They are faster, and 
handle higher voltages than SCR's. There was also a sur- 
plus stock of them on hand, so economically they were very 
desirable. Finally, although they are physically large, 
there was enough space for them and the required insulation 
within the confines of the high voltage cage. 
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FIGURE 3-SIMPLIFIED BIAGR/^^ OF CHARGING 
NEIWRK VITHDE-Q’ING CIRCUIT 
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FIGURE 4-WAVEFORMS ASSOCIATED WITH FIGURE 3 
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Briefly, the other parts of the system will now be 
mentioned. They will be discussed more thoroughly later in 
the paper. The trigger circuit triggers the de-Q’ing 
thyratron when the proper reference voltage is reached. 

The purpose of this circuit is to generate a 15OO volt 
spike on the grid of the thyratron, as the sampled PPN 
voltage begins to surpass the reference voltage. The forty 
kV insulation which is necessary between the trigger circuit 
and the grid is provided by immersing the pulse transformer 
in an oil bath. 

Another component in the original design was a compen- 
sated voltage divider, intended to compensate for the firing 
delay by introducing the proper phase shift in the sample 
of the PPN voltage it fed into the trigger circuit. Dur- 
ing testing, however, this divider caused severe problems 
and eventually it had to be replaced by a resistive divider 
situated on the PPN side of the charge diodes. 

Although not shown in Pig. 3 j the comparator was the 
actual place where the sampled signal and reference voltage 
were compared. This had to have a very high input imped- 
ance so as not to load the voltage divider. 

The system also includes supplies and support equip- 
ment for the de-Q'ing thyratron, as well as a large diode 
string necessary to make the alternate current path 
unidirectional . 
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II. DESIGN OP THE SYSTEM 



The method of designing the system was varied because 
certain parts of the system were more amenable to theoreti- 
cal analysis than others. For the purposes of this paper, 
theoretical design refers to those parts of the system 
which were designed completely on paper and Installed in 
the prototype without any prior testing. Empirical design 
refers to those subsystems that x^rere not rigorously ana- 
lyzed, although some calculations were made to determine 
initial component values. Before they were installed in 
the prototype, they v;ere pretested on a breadboard and 
modified until they operated sufficiently well. 

A. THEORETICAL DESIGN 

The overall system block diagram is given in Fig. 

Of the several pieces of equipment Involved, only two were 
completely analyzed on a theoretical basis. They are the 
de-Q,'ing path and the compensated voltage divider. 

1 . Theoretical Analysis and Design of the De-Q'lng 
Branch 

The de-Q'ing branch consists of a hydrogen thyratron, 
a diode bank, and a parallel combination of resistors and 
capacitors whose purposes are to: (1) reverse-bias the 
charging diodes; and (2) dissipate all remaining energy in 
L before the start of the next pulse in response to a 
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FIGURE 5-OVERALL BLOCK DIAGRAM OF PULSE 

REGULATOR 



command generated by the trigger chassis v;hen the sampled 
PPM voltage reaches the reference voltage. 

Figure 2 shows the unregulated PPM voltage and 
current waveforms that, for Olcotitr, are described by the 
following equations 

= -Vj^^cos ojt, (2) 

and 

^PPN " (Vi)c/^«^L)sln wt = ij^, (3) 

where w = (LCp^j^) . 



Figure 6 shows the system with de-Q’ing as well as 
the equivalent circuit of the de-Q'lng path. Let lQ=lj^(tQ). 
Then if the switch is thrown at time t^, the integro- 
dlfferential equation describing the action is given as 



-I, 



1 

L 



ft 
t , 



v^( T )dt 






+ Cdv 



(t) 
L dt 



= 0 , 



which becomes, after, manipulation 



v^(t) + RCv^(t) + I 




V^(T)dT = RIq. 






This equation can be reduced to a second order 
differential equation which can have one of three possible 
solutions, depending upon the choice of R, L, and C. (For 
the reader who is unfamiliar with a method for solving this 
equation. Appendix A contains a Laplace transform approach 
to the solution.) The three possible solutions are related 
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(b) Ec^ui valent aircutt of de-Q^in^ pafb 
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to the roots of the characteristic equation derived from 
the differential equation. The discriminant of the charac- 
teristic equation is 

f 1 _ -1 

RC LC ■ 

If this term is positive, the characteristic equa- 
tion will have real, distinct roots and the response is 

termed overdamped . If this term is zero, the roots are 

ct t 

equal and the response will be of the form (C^+C 2 t)e , 

and is known as critically damped . If the term is negative, 

the roots become complex conjugates and the response is 

termed underdamped or damped oscillatory . 

The value of L is fixed at l6 henries. The question 

facing the designer was what type of response vjould fulfill 

the two purposes of the de-Q;ing branch. To answer this 

question it was necessary to determine what these purposes 

mean quantitatively. The first purpose, to reverse-bias 

the charging diodes, means that the maximum Vj^ after the 

switch closes must be less than v^Ct^"). Suppose one 

wanted to clip the pulse 10^ from its unregulated peak, 

i.e., at Vppj^ = 1.8Vp^. This would require the maximum 

Vj^ to be less than or equal to . . The largest 

available is 20kV. Thus, it would be desirable to keep 

v, less than l6kV. However, the normal operating value 

of Is around l8kV, which would imply that v, be 

jju Li rno.x 

kept less than l4.^^kV. Allowing a safety factor (or margin 
of error) of about 1 . 5 , this would reduce the value of 
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even further, to lOkV. So, somev/hat arbitrarily, 

Li m3,X 

the first purpose of the de-Q'ing branch can be restated as 



max 



< lOkV. 



(5) 



The second purpose concerns time. If the de-Q'ing 
thyratron is fired at time t^ (see Pig. 4), and the energy 
in L is finally zero at time t^) then the time (t^-t^) may 
be considered the response time of the de-Q'ing branch. 

The requirement that all energy in L is dissipated before 
the start of the next pulse may be stated in terms of Pig. 4 
as t 2 - tQ 1 t^ - t^. The total time from the beginning of 
one charge cycle to the next-Ct^) is given by 1/PRR, where 
PRR is the pulse repetition rate, in this case 60pps. Thus, 
t^-lS.Tms. The voltage at which the pulse is to be clipped 
is assumed to be within 10^ of the unregulated peak and thus, 
(otQ will always be beti'ieen 2.5 and it radians (i.e. cos ^(-.8) 
and cos“^(-D). Now, C = .375yf, and L = 16 h, so w = 4l0. 
This places the time of firing, t^ roughly between 9-0 and 
10.6 ms. Using the lower limit, the second purpose now can 
be restated as 

t 2 - < 9ms. (6) 

With relations (5) and (6) as constraints, one can 
begin to choose the form of the solution to (4). An over- 
damped solution was investigated but due to the strong 
dependence on the exponential nature of this solution, the 
response time v;as too long. The same thing was true of a 
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critically damped solution. Because the diode action 
maintains current flow unidirectional, however, a damped 
oscillatory solution proved to be most promising. That is, 
the damped frequency could be chosen to satisfy requirement 
(6), while the exponential factor would handle (5). 

If the damped frequency of the network is defined 
as o)q, then from Eq.(4) it can be shown (see Appendix A) 
that 

Wq = /l/LC - 1/4R^C^ (7) 



and 



V (t) 

L 



MqC 



exp 



(t-t ) 
0 ^ 0 '^ 

2WqRC 



sin co^Ct-tQ) . 



( 8 ) 



This voltage is the voltage across the de-Q'lng 
branch after the thyratron fires. Note that the initial 
effect of the switch action is to reduce v^^ to zero. 
Physically, this occurs because the uncharged capacitor C 
Initially acts as a short circuit, and this Initial sharp 
drop in voltage 'insures that the conduction of current to 
the PPN ceases. The capacitor then charges up to some 
maximum value, Vj^ and eventually it and the inductor 

dissipate all their energy in R. (See Pig. 4.) The broken- 
line waveform shows the voltage at the anode of the charg- 
ing diode, Vj^ + 

The system requirement given by Eq. (5) is recalled, 
and v_ must be computed. This is done by equating the 

time derivative of Eq. (8) to zero, and the resulting equa- 
tion is 
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I 



Vt = 

L max 0 



-Wo(ti-to) 

2exp r TZ — z — r cos w^(t -t^) 

^ tan w^Ct^-tQ) 0^ 1 0 . 



( 9 ) 



where is the time at which the peak occurs. This maxi- 
mum occurs when 2 WqRC = tan w^Ct^-tQ). 

Another important quantity is the inductor current 
which is diverted from the PPN. This current, ij^(t), is 
found by integrating v^^(t) from t^ to t and is given by 



. \ T 0 0 

ihCt) IqCxp 2WqRC 



-o)^(t-t^) sin|~a3^(t-t^)+fa3^(t.,-t^) 



0 



0" 0" 1 0- 



sinm^Ct^-tQ) 



( 10 ) 



Note that at t = tQ, ij^ reduces Iq as expected. It 
is desired that the current in the choke be zero at the 
start of the next charge cycle. The waveform (see Fig. 4) 
is a damped sinusoid and will pass through zero at 
m^Ct-tp) + m^Ct^-t^) = TT. When this happens, the current 
will try to reverse but the unidirectional nature of the 
thyratron and the diodes will prevent this from happening 
and the choke current will remain at zero. To insure that 
this occurs before the start of the next charge cycle, 
referring to Pig. must be selected so that3 



100(^3 t^) + WQ(t^ t^) > TT 



( 11 ) 



At this point it is convenient to begin to think of 
the circuit in terms of its Q, i.e., the x'’atio of energy 



^V/illlam Tomlin, "Pulse Forming Network Voltage Regula- 
tion," in The Stanford Tv;o-Mile Linear Acceleratox'* , R.B. 
Neal, et. al . eds . New York, 196b , p"^ 30 . 
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stored to energy dissipated. For the circuit in question^ 



Q = = RC//LC = r/c/L . 



( 12 ) 



From Eqs. (7) and (11) one can write 




= A^C/L - 1/H = /q^ - 1/^ = - 1 



2 



or 




(13) 



It can also be shown that 



C = (l-l/i|Q^)/a3Q^L, 



(IM 



and from the maximization condition necessary for Eq. (9), 
it follows that the proper R should be chosen to satisfy 



been to lay the groundwork for choosing the proper values 
of R and C and for making other engineering decisions re- 
garding parameters. There are four other quantities left 
to investigate before the design procedure will be 
discussed . 

The first is power dissipation in the resistor 
bank. The power dissipation is given by 



V/illlam Tomlin, personal interview at Stanford Linear 
Accelerator Center, Stanford, California, March 1973. 



R 



tan 



(15) 



The purpose of the previous mathematical work has 
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p 



PRR. 



( 16 ) 




2 . 

The average current expected through the thyratron 

is significant since although most thyratrons are rated 

with high peak currents, their average and root-mean-square 

current ratings are fairly low. The average current can be 

5 

calculated by integrating Eq. 10 as 



I 

switch to 






i^(t )d((0Qt ) . 



The upper limit of integration is found by solving 
Eq. (10) for the angle o)Q(t 2 -tQ) at which the current 
becomes zero. This will always be in the second quadrant 
and can thus be v;ritten as tOQ(t 2 ~tQ) = TT-( 0 Q(t^-tQ) . The 
lower limit is the angle when the de-Q'ing circuit is 

fired and represents zero on the to^t scale. Carrying out 

g 

the integration yields 



iswitoh<A''> = 



IT «Q(t^ tp) 

tan WQ(t 2 ~tQ) 



X sin tOQ(t^-tp) + sin 2 ( 0 q ( t^-t ^ ) V . 



( 17 ) 



The rms current can be approximated by calculating 
the current for the simpler case of critical damping, and 
the result is 



5 

-^Tomlin, op. clt., p. ^35* 
^Ibid. 



29 



or 



Iswltch(™=> ' Io/(PRR)L/2R J 



•“ exp 



-2(TT-tan ^/^R^C/L -1) 



(R C/L + 1) 
1/2 



An‘^C/L - 1 



^switoh<™=> “ Ig/CPRR/PURC+L/R) 



( 18 ) 



The rms current expected through the capacitor is 
a very important practical consideration. If it is low 
enough, dc capacitors can be used that are very much less 
expensive at the voltage ratings needed than their ac 
counterparts . 

Using the results of Eqs. (8) through (l8) the 
following design procedure was carried out. The value of 
L is 16H and the PRR is 60 pps. From Eq. (6), it was 
decided to set ~ 9ms, the maximum allowable response 

time, According to that criterion. For the design calcula- 



tions, it was necessary to choose a suitable value of I 



0 



and design the system to handle this and any smaller value 
of Iq it may confront. By substituting 20kV for ^110 

for (0 and l6 for L into Eq. (3), it can be shown that the 
largest peak of i^^ (i.e. when is largest) is equal to 

about 3-2 amps. Since the system was designed to clip the 
top 10^ off a 40kV charge waveform, and as shov/n previously 
this corresponds to clipping at around wt = 2.5 radians, 
the maximum value of expected is about 3-2 sln(2.5)= 

3.2(.6) = 1.92 amps. Therefore, for design purposes. Ip, 
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was set at 2 amps. This is more than enough for practical 
pui’poses but it provides a useful set of design figures. 

It is obvious from the assumed value of Iq and L 
and use of Eq. (l6) that the power dissipated in resistor 
R was expected to be 2080 watts. This value is independent 
of Q. The design procedure involved programming Eqs . (8) 

through (l8) in an algorithm form into the Hewlett-Packard 
desk calculator, and feeding in values of Q to obtain pro- 
per values of R and C necessary to satisfy the constraints. 
The algorithm was as follows : 

( 1 ) 

( 2 ) 

( 3 ) 

(4) 

( 5 ) 

( 6 ) 

( 7 ) 

( 8 ) 

( 9 ) 

Because 

chosen close to this lovier limit. The output for various 
values of Q are tabulated in Table 1. 



Read in Q • 

e = tan"^(»^Q^-l) = o)Q(t^-tQ) 

Wq = (fr-e )/(9><10“^) 

C = (l-l/i}Q^)/tOQ^(l6) 

R = (tan e)/2a)QC 



because = 2 amps, v^ , = 2R f2exp(-0/tan0)cos0) 

U ij ITlctX 

Iswitch^^^^ = 60(2 )(i6(.375><10"^))^/^ 



X ^ 



exp (- (tt-0 )/tan 6) sin 6 + sin 26 
(rms) ^ 2 / 30 (RC + L/R) 



'switch 



I^(rms) = I^/^ORCd-e 5 2/3^ 



Obviously, for the underdamped case, Q i .5* 
the dissipation is the important criterion, Q was 
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Q 


C(yf ) 


R(kfl) 




V, 1 (AV) 

L max sw 


I^, (rms) 
sw 


I^(rras) 


.55 


.119 


6.36 




9.06kV .22amp 


. 63 amp 


. 30anp 


.60 


.237 


4.93 




6 . 80 .28 


.73 


.37 


.625 


.300 


4.62 




6.27 .29 


.76 


.40 


.65 


.345 


4.43 




5.90 .30 


.79 


.43 


.71 


.456 


4.19 




5.40 .30 


.83 


.48 


.80 


. 612 


4.09 




5.00 .30 


.87 


.55 


.90 


.750 


4.15 




4.80 .33 


.91 


.62 


1.00 


.866 


4.29 




4.69 .33 


.95 


.67 


1.11 


.972 


4.50 




4.65 .33 


.98 


.73 


1.20 


1.050 


4.72 




4.64 .33 


1.00 


.78 


1.30 


1.120 


4.92 




4.64 .33 


1.02 


.81 


1.40 


1.190 


5.19 




4.65 .32 


1.05 


.86 


1.50 


1.230 


5.40 




4.66 .32 


1.07 


.89 


1.60 


1.280 


5.65 




4.68 .32 


1.09 


.93 


Table I. 


Design 


Parameters 


for De-Q’ing Branch 






Based on 


this table. 


the proper values of R and C 


were chosen and 


this, will 


be 


discussed in the 


^ chapter 


deal- 


Ing with 


1 the construction 


of 


' the system. It 


is noted 


here 


that in 


general 


as Q increases the necessary 


value of 


C 


increases and so 


does Vj 

L max 


and Ip(rms). These data 

Lf 


will 



be used extensively in the later sections of this paper. 

2 . Theoretical Analysis and Design of the Voltage 
Divider 

Theoretically, it can be shov.'n that the percentage 
regulation can be affected by the voltage divider used to 
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sample the network voltage. The following analysis is also 

7 

given by William Tomlin of Stanford Linear Accelerator 
Center. There is a certain fixed delay inherent in the 
system, mainly through the comparator and trigger circuits. 
To study the effect of this delay. Pig. 7 is used. The 
solid line of waveform 1 represents a normal - amplitude 
PFN voltage. The command to begin regulation is given at 
point B, and it is assumed that the de-Q'ing signal divider 
is exactly compensated (zero phase shift) and the system 
requires about 10 degrees delay, an exaggerated figure for 
illustrative purposes. Thus, 10 degrees later the regula- 
tion process is complete, and the PFN voltage is set at the 
level represented by C. Next, consider a cycle in which 
all conditions remain the same but a 2 ^% increase in un- 
regulated PFN voltage occurs as represented by waveform 2. 
The command to regulate, now B’, is given at the same vol- 
tage level although occurring earlier in time. The regu- 
lated level, again reached after a 10 degree delay, is set 
at C'. It is readily seen that this latter level repre- 
sents an increase over the value attained with normal vol- 
tage and the accuracy of the regulated waveform suffers. 

If the vjaveform from the de-Q'ing signal divider 
is novT advanced in phase by the required amount, the com- 
mands to regulate are given at points A and A' for the nor- 
mal and increased PFN voltage, and the regulation occurs at 

"^Ibid. , pp. ')33-^35. 
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points B and B' . These points now represent the same 
level of voltage, and the regulation is ideal. It should 
be noted that if the phase were advanced further the reg- 
ulated value of the increased voltage would be less than 
for the normal voltage. 

To calculate the phase shift associated with the 
divider network, consider a divider consisting of n identi- 
cal sections of and and an output section of R2 and 
C2’ This results in n+2 simultaneous integral equations. 

If the voltage divider is driven by the PFN voltage of 
Eq. ( 1 ), the solution for the output voltage across R2 is 
represented by the follov/ing equation. For = 

Vpj^(l-cos wt). 



^out ^DC nR^+R2 



(l-K^ cos(ojt + e) + K26 ( 19 ) 



where 6 = tan 





nR R fc 






and 
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ii^insi 














Note that Eq. (19) reduces to the input v/aveform 
reduced by the resistive ratio when t, = x . To compensate 
for the additional circuit delay in firing the thyratron 

and T should be chosen such that 6 exactly equals the 

Ip 

system delay. The phase shift should be constant, and this 
requires that the last term in Eq. (19) go to zero before 
the earliest reference to the waveform. As discussed in 
the first part of this chapter, the_ earliest reference to 
this waveform (command time) is around 6 ms. Therefore 

Tp should be chosen such that 5Tp 1 6 x 10 , allowing five 

time constants for complete decay. Also, in calculating R 2 
and C 2 } consideration must be given to the input resistance 
and capacitance of the comparator circuit, and any cable 
capacitance between the divider and comparator. The choice 
of in high voltage circuits must take into consideration 
power dissipation and voltage rating and the desired time 
constant. The number of sections required is 'then deter- 
mined. The resistors should also be noninduct ive with low 
temperature coefficients and low thermal noise. A further 
consideration is corona, which is associated with circuits 
operating above 30kV. For this reason, it is desirable to 
immerse the divider in oil. As the system time delay is 
never known exactly when the original system is Installed, 
the practical approach is to calculate R^, R 2 and and 
then adjust C 2 for best regulation when the system is in 
operation. 
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The conditions of Eq. (19) were used and a compen- 
sated divider was initially used in the system. This will 
be discussed later in the paper. 

B. EMPIRICAL DESIGN 

The two major components which were designed empirical- 
ly are the comparator and the trigger circuit. 

I . The Comparator Circuit 

Figure 8 shows the circuit diagram of the compara- 
tor. This module compares the sampled PEN voltage to a 
variable dc reference voltage and provides an output signal 
whenever the PEN sample exceeds the reference. Because of 
the low cost, ease of replacement, and high input impedance 
of the Fairchild y709 and y7^1 operational amplifiers 
(op-amps), it was decided to use either of these as the 
main element in the comparator. 

The open loop gain of either of these op-amps is on 
the order of 15,000. Thus, because the inputs are sub- 
tracted, and the difference amplified, a small (ImV) dif- 
ferential voltage between the inputs is enough to drive the 
output into saturation at either -15 volts, or +15 volts. 

The op-amp used in this way, then, is really an amplitude 
controlled switch. If the reference voltage is set at a 
certain value, then the op-amp output will hold at -15 volts 
until the sampled PEN voltage rises to about ImV above the 
reference and then viiill hold at 15 volts. 

The emitter-follower is used to provide enough out- 
put current to break down the gate of the triac in the 
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FIGURE 8 - final CIRCUH DIAGRAM OF THE 



input stage of the trigger chassis. They are described in 
the next section of this paper. The maximum output current 
of the op-amp is only lOma, and the triac used requires 
close to 25ma on its gate. The emitter follower acts like 
a current amplifier and provides enough current to initiate 
the trigger pulse. VJhen the op-amp output is low, the base- 
emitter junction of the transistor is reverse-biased, and 
there is no voltage out. When the op-amp goes high, about 
7ma are drawn by the base of the transistor. This is 
enough to drive the transistor into saturation, and the 
output voltage rises to 15 volts. Obviously one require- 
ment on the transistor is that its collector current can 
exceed 25ma. Without connecting the output to the trigger 
chassis, the output voltage is 15 volts across 620Q v.'hich 
is the required 25ma. 

The reference voltage is varied by means of a ten- 
turn potentiometer, and the resistor string is designed such 
that this reference voltage can be varied from four to six 
volts. Without the zener diode, the voltage at node "a" 
would rise to 7-1 volts. The zener diode, however, breaks 
down when v^ reaches 6 volts, and begins to draw current. 

If V is held at 6 volts, the current through- the 332^^ 

3 . 

resistor is 9/332 = 27ma, and the current through the poten- 
tiometer and the 200Q resistor is 6/300 = 20ma, leaving 7ma 
to be conducted through the zener diode . As the arm of the 
potentiometer is shifted, the range of voltage covered is 
from to 6 volts. 



39 



The non-inverting input of the opr-amp is obtained 
from the voltage divider which attenuates the PFN voltage 
by a suitable factor. The total resistance of the divider 
string is about 40 megohms. It consists of seventy-two 
5601cf^ carbon resistors in series. Because the largest 
expected is 40kV, and the reference level for de-Q'ing 
should be lower than this anyway, the output resistor in 
the voltage divider was chosen to be 6.3kJ^. This would 
cause 38kV to appear as 6V at the op-amp input terminal. 

The maximum input voltage that the op-amp can handle is ten 
volts. With. a 6.3kfi carbon resistor as the output resistor, 
the theoretical range of de-Q’ing is from 25. ^kV to 38kV. 

By making this output resistor carbon, temperature stability 
is achieved, because all resistors in the string have the 
same temperature coefficient. 

2 . The Trigger Chassis 

The purpose of the trigger chassis is to fire the 
de-Q'ing thyratron. 

g 

a. Description of a Thyratron° 

A thyratron is a gas-filled tube (in this case 
hydrogen) v/hich consists of essentially an anode, a control 
grid, and a cathode. The cathode is the source of electron 
emmission. V/ith a positive voltage on the anode, the tube 
vjill remain in a non-conducting state if a suitable voltage 



g 

^ Hydrogen Thyratrons , English Electric Valve Co. Ltd. , 
Engl and, Jun 19 p"^^ 3^ 
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(usually negative but zero is sufficient) is applied to 
the grid. This voltage depends on the anode voltage and 
for every value of anode voltage there is a critical grid 
potential . 

The electrons leaving the cathode are prevented 
from reaching the grid/anode space by the potential barrier 
at the grid. As the grid voltage is made less negative, or 
the anode voltage more positive, the field due to the anode 
attracts an increasing number of electrons from the cathode. 
These make collisions v/ith gas atoms, and when the electrons 
produced are accelerated to the ionization potential of 
hydrogen and sufficient collisions occur, cumulative ioniza- 
tion takes place and the tube fires through. The voltage 
across the tube then drops to a low value. The current 
passed is then largely determined by external circuitry. 

During breakdown the negative potential on the 
grid attracts positive ions and these form a sheath through 
which the grid potential cannot penetrate. Thus, any in- 
crease in the negative value of grid supply voltage has no 
effect on the current passing. The tube will return to its 
non-conducting state only after removal of the anode voltage 
for a sufficient time (called the recovery time) to allow 
the charged particles to be swept away or neutralized by 
recombination. The voltage on the grid then returns to its 
original value, and a positive voltage can be reapplied to 
the anode without conduction taking place. The tube there- 
fore acts as an electronic switch v.'hich may be closed by 



the application of a positive signal to the grid,' but 
which can only be opened by the removal of anode voltage 
for minimum time. 

b. Trigger Circuit Requirements 

It was required that the trigger signal applied 
to the thyratron grid be from a lov;-impedance source, have 
a high rate of rise of voltage and a pulse amplitude suf- 
ficient to cause rapid ionization of the gas in the grid- 
cathode space. This minimizes jitter and anode delay time 
drift. The required pulse amplitude and duration is specif- 
ied by the manufacturer of the tube. For this application, 
the thyratron had to be capable of withstanding approxi- 
mately twenty kV anode voltage, and handle around half an 
ampere average current. The Tung-Sol Industrial electron 
tube type 59^8A is rated at 25kV maximum forward and reverse 
anode voltage . It is also rated at one ampere average cur- 
rent . There was a large surplus stock of these tubes avail- 
able, so this particular tube was chosen as the de-Q’lng 
thyratron . 

According to specifications the 59^8A requires 
a trigger pulse having a maximum risetime of 0.35vis, and a 
pulse width of 2ys at 70 . 7 % of peak. The grid pulse peak 
is specified between 700 and l800 volts, and the grid im- 
pedance varies v;ith the voltage applied. For a peak voltage 
of 1500 volts, the grid Impedance is 200^^. Thus, the 
energy required to turn the thyratron on is seen to be the 
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peak povzer multiplied by the pulse duration, or 
( 1500 ) (2x10 )/200 and this is equal to .0225 joules. 

c. General Principle Behind the Trigger Circuit 
It was decided that to provide a pulse having 
the specified rise-time and close to the proper duration, 
the simplest method would be as follows. Figure 9 shows 
a simple diagram of the basic idea. From time t=0 to t^, 
switch S is open and the capacitor charges tov/ard voltage 



voltage V 



supply 



. At t=t^, switch S closes, and suddenly 



the charged capacitor is forced to discharge through the 
low impedance load. But at t=t^, because the high-voltage 
side of C becomes grounded, the voltage across the load 
has to fall to instantaneously. C discharges through 

so the voltage across the load is very soon back 



to 



zero and the current ceases. Because Rt-<<R„, the time 
constant is very short. Once the current ceases, the switch 
S opens again and the cycle repeats. 

Note that this type of arrangement produces a 
very sharp negative spike across the load rislstance. In 
order to invert this spike, and also to increase the peak 
voltage produced, one merely has to replace R^^ with a 
pulse transformer having a suitable turns ratio and the 
proper polarity. Of course, this introduces a reactive 
component into the circuit (the leakage inductance of the 
transformer) but in general if the impedance of the trans- 
former is kept lov/ enough, a fast rising pulse can be 
generated using this method. 
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There are two possibilities for switch S. One 
is a small thyratron, and the other is a solid-state ver- 
sion like a silicon controlled rectifier (SCR) . Both are 
functionally alike in that they remain open until triggered 
by a suitable positive pulse and then remain in a conduct- 
ing state until the current across the switch either re- 
verses direction or remains at zero for a minimum time. 

A version of the SCR, called a trlac , was used for one 
stage of the trigger circuit. It acts like an SCR but it 
can be triggered by either a positive or ne;gative pulse. 

At higher voltages, it seems as though small 
thyratrons are cheaper than SCR's. Also, the turn-on time 
(which actually determines the rise-tim.e of the generated 
pulse) of a thyratron is much faster than that of an SCR. 
Therefore, for the output stage of the trigger chassis, a 
small thyratron, the 3C^5> was used as the switch, 
d. Operation of the Trigger Circuit 

Figure 10 shoves the final circuit diagram of 
the trigger chassis along with the isolation pulse trans- 
former. The circuit uses two stages of capacitor-discharge 
generated pulses, the output pulse being fed into the grid 
of the de-Q'ing thyratron. The output pulse transformer 
serves to both invert the generated spike, and insulate the 
trigger circuit from the grid of the de-Q'lng thyratron. 
Since the plate voltage of the de-Q'ing thyratron approache 
40kV, this was the amount of voltage insulation required. 
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The circuit operates as follows. The input 
signal will only assume one of two possible states, 0 or 
15 volts, v/ith a switching time of about lOOys between 
states. V/hen the input is 0, there is no signal applied 
to the gate of the triac, and therefore the triac does not 
conduct, and the .lyf capacitor must charge to 15 OV through 
the lOOkf^ resistor. During this time, the voltage across 
the first stage pulse transformer is 0, so there is no sig- 
nal applied to the grid of the 3C45 thyratron. This thyra- 
tron therefore does not conduct and the voltage at its 
plate rises exponentially tov:ard 15 OO volts with a time 
constant (39)(-05)(10 = 1.95ms. The voltage across the 

output transformer is zero and there is no output. 

VJhen the input signal switches to 15 volts, the 
gate of the triac is initially pulled high and the gate 
will draw about 25ma. The input signal at the gate, however 
ever, will then decay exponentially with a time constant 
determined by the .56yf capacitor and the gate impedance in 
the on condition. This spike is enough, however, to cause 
the triac to conduct, and the first stage exhibits the kind 
of action discussed previously and produces a negative 
voltage spike at the primary of the pulse transformer of 
around 90 volts. The pulse transformer is a 5:1 step up 
and the pulse at the grid of the 30^5 is about ^-150 volts 
high. This is well above the minimum value of 175 volts 
required to turn the 30^5 on. 



Due to some leakage inductance in the pulse 
transformer, some of the energy initially stored in the 
capacitor will temporarily be stored in this inductance, 
and once the capacitor is discharged, the current v;ill try 
to reverse direction as the inductance and capacitor ex- 
change energy. This is known as "ringing", and a small 
amount of it is useful for insuring that the triac is 
turned off. But if the reverse swing is too large, the 
triac may break down, so to increase the damping of the 
reverse signal, a diode is placed on the secondary of the 
first pulse transformer. 

When the 3Ck5 conducts, the .05yf capacitor 
(which is fully charged in about 10ms, and contains .056 
joules) discharges through the low impedance path of the 
forward conducting resistance of the 3045 and the equiva- 
lent impedance of the pulse transformer. A 1500 volt spike 
is generated and fed to the grid of the de-Q*ing thyratron. 
Again the leakage inductance of the pulse transformer 
causes ringing, but the reverse swing is not as severe on 
the 3045 and no reverse-damping diode is necessary here. 

The ringing insures that the 3045 is turned off and the 
vjhole cycle repeats. 

Because the generated pulse is ultimately caused 
by the arrival of the sampled PPN voltage at the refei^ence 
level, and this can occur at most sixty times per second, 
the trigger pulse must be produced at a repetition rate of 
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60pps. This allows l6.7ms for the capacitors to recharge 
between cycles. 

Finally, the purpose of the diode in the Input 
differentiator will be discussed. The triac, as mentioned 
earlier, will conduct when either a positive or a negative 
pulse is applied to its gate. When the input signal is 
switching from 0 to 15V, the positive pulse is generated, 
but when the input signal drops from 15 to 0, a -15 volt 
spike could appear at the gate of the trlac, were it not for 
the diode. Since it was desired only to fire the triac 
(and generate the output pulse) on positive transients of 
the input, the diode was essential. 

Figures 11(a) and 11(b) show the anode voltage 
waveforms recorded for the trlac and 3C^5 respectively. 
Figures 12(a) and 12(b) show the open circuit pulses to be 
applied to the grids of the 3C^5 and 59^8 thyratrons res- 
pectively. The latter is the trigger chassis output. 

Figure 13 shows the grid pulse applied to the 
grid of the 59^8 thyratron in two views. The first is an 
overvievr and shows the entire effect of the pulse on the 
thyratron. The second view is the beginning of the pulse, 
expanded in time. Note the similarity between this view 
and the view of the open-circuit pulse of Fig. 12.(b). 







Fi)^ure 11. 



Anode Voltace Wavefortn.s in the Trigfser Chassis 
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Figure 12. 



Open Circuit Generated Pulses 
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(a) Full waveform showing 
initial turn-on, voltage 
plateau and grid 
recovery 




(b) Expanded time view of 
pulse showing initial 
breakdov/n of grid 




Figure 13. 



Grid Puj.se Triggering de-Q'ing Thyratron 
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III. CONSTRUCTION OP THE PROTOTYPE 



The system I'^as constructed as a prototype, servicing 
one of the three modulators. In this section the details 
of that construction will be discussed. 

A. CONSTRUCTION OP THE DE-Q ' INC BRANCH 

The first step in constructing the de-Q'lng branch was 
to choose suitable values for R and C. Based on the data 
of Table I in the previous chapter it can be seen that a 
desirable value of R was in the range of from four to five 
kfi, while C had to be between 0.2 and l.lyf. There was a 
surplus stock of dc filter capacitors having l6kV insula- 
tion and rated at 0.5yf. Two of these were chosen, and the 
value of C could be changed during testing to three differ- 
ent values. 

The value of R v;as chosen to be 5kfi, placing the value 
of Q at .625 for C = .5yf- This value of R caused the 
frequency tOg to be slightly higher than that indicated in 
the table, and theoretically should cause the current in L 
to die out within 8.33 ms, which is lower than the 9 ms 
used for the design calculations. 

As seen in the previous chapter, the power expected to 
be dissipated in R v.'as about 2kW. In order to keep the 
resistors from getting too hot, it was decided to rate the 
total resistor bank at 5kV/. This required that tv/enty-f Ive 
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200W resistors be used. Each resistor is vjire-wound and 
rated at . The bank is arranged in a five-by-five series 
series-parallel matrix,, and mounted on a wooden plank 
about 6 feet by 1 foot. 

The next part of the de-Q’ing branch to be constructed 
was the hold-off diode, whose purpose it is to keep the 
branch from conducting current after the PFN discharges 
when the total voltage across the branch becomes negative. 
There was also the possibility of very large negative vol- 
tage spikes generated when the PFN discharges coupling 
back to the de-Q'ing network, so the diode bank was de- 
signed to handle 50kV inverse. Fifty avalanche diodes 
rated at two amperes forv/ard current and IkV PIV were con- 
nected in series. However, because each diode conceivably 
has a slightly different leakage current, a string of 
reversed-biased diodes can be thought of as a string of 
slightly different resistors. As in any resistor string 
the highest resistance (in this case the best diode) would 
take the largest portion of the total voltage across the 
string. Thus, if the total Inverse voltage should ever 
approach 50kV, it vjould be quite possible to have more than 
the rated PIV across one diode in the string, thereby break- 
ing down the diode and burning out the string. To eliminate 
this problem in advance, the string is "balanced" by shunt- 
ing each diode by an equal resistance much lower than its 
equivalent reverse-bias resistance. This, along with equal 
sliunt capacitors much greater than the equivalent capacities 



of the diodes j maintains equal voltages across each diode 
in spite of individual diode differences. The values 
chosen, and the arrangement are shown in Fig. l4(a). The 
resistors, of course, conduct current when the diode is 
off, but the relative time constant is long enough to pre- 
serve the unidirectional nature of the string. 

The next piece of circuitry to be constructed for im- 
plementation of the de-Q'ing branch was the heater/reservoir 
pov/er supply. The heater current required by the Tung-Sol 
59^8 thyratron is between 25 and 33 amperes. This thyratron 
also requires current to what is known as a "reservoir" 
within the tube that keeps the pressure of the hydrogen gas 
constant. The current required by the reservoir is 3 
amperes. The filament (heater) voltage is rated at 6.3 
volts and the reservoir voltage is 4.1 volts. 

The filament transformer required must thus be capable 
of supplying at least 6.3 volts rms at 28 amperes. The 
voltage insulation required between the primary and second- 
ary of the transformer is forty kV. There were available 
three filament transformers, each rated at .75kVA, 110/10, 

75 amperes secondary current. These transformers are fairly 
large (8"x8"xll") and it was desirable to use one per thyra- 
tron. In order to supply both the heater and reservoir with 
the same filament transformer, the arrangement shown in 
Pig. l4(b) vjas used. 

This circuitry was placed on a small moveable cart along 
with the trigger output pulse transformer, and wheeled into 
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the high voltage cage for temporary Installation and test- 
ing. Figure 15 shows the actual physical arrangement of the 
elements . 

B. CONSTRUCTION OF PULSE TRANSFORMERS 

There were two pulse transformers as shown in Fig. 9* 

The step-up transformer connecting stages 1 and 2 was 
wound on a ferrite toroidal core using thin copper wire. 
There are five turns on the primary and twenty-five on the 
secondary. The voltage insulation required, only fifteen 
hundred volts, was not critical. 

The output pulse transformer, however, was required to 
have forty kV voltage insulation. There were available some 
3mH chokes with 0.3 resistance which consisted of a large 
core of laminated iron with two legs . Each leg v/as close- 
v/ound with fifty turns of copper wire and the coils v/ere 
connected in series by a shorting bar. By disconnecting the 
shorting bars, the chokes made suitable 1:1 pulse trans- 
formers. Because the spacing between the core and the wind- 
ing's and between the separate windings was only 0.25 inches, 
there v/ould not be enough insulation if the transformer were 
used in air. Hov;ever, Immersed in and oil bath the quarter- 
inch spaclngs provided more than enough Insulation. A 
pyrex jar was used and a suitable container was fashioned. 
The transformer in the jar can be seen in Fig. 15* 
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C. CONSTRUCTION OF THE REMAINDER OF THE PROTOTYPE 

The remaining parts of the system were constructed, 
the trigger chassis according to Fig. 10, and the comparator 
as in Fig. 8. The trigger chassis v/as built into a rack 
mount with enough room for two more similar modules in the 
future. It was placed in a mobile rack stand along with 
the two auxiliary dc supplies and placed just outside the 
high voltage cage. 

The comparator was mounted on a small circuit board, 
and will eventually be fabricated in a printed circuit. The 
ten-turn potentiometer, a Helipot, is the largest element 
in this circuit and its dial is adjusted by the operator. 
This module is in the control room. Figure l6 shows roughly 
the location of each part of the prototype. The electrical 
connections are made using coaxial cables. 

D. CONSTRUCTION OP THE R-C COMPENSATED VOLTAGE DIVIDER 

Because the original design called for the ' compensated 

voltage divider (see Pig. 5), this was constructed using 
the conditions derived with Eq. (19). The value of R^ 
vms chosen as 560kf2 mainly because these resistors viere 
available in large quantity. For the same reason, C^ was 
chosen as .OOlyf, IkV. To make the string a total of 
slightly over ^lOMfl, it vms made eighty sections long. The 
resistor Rg was chosen as 5*6kq, giving a resistive ratio of 
1:8000. This string was mounted in a pyrex box which was 
then filled v;ith insulating oil to avoid any high voltage 
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transient effects across the capacitors, such as corona. 

The string was initially set up (as shown in Fig. 5) at the 
anode of the charging diodes. Thus, this string was located 
in the high voltage cage. A coaxial cable connected 
to the comparator circuit v^rhere a variable capacitance was 
shunted across the input terminal of the comparator. By 
varying this capacitance (C 2 ) the relative phase between 
the output and input of the compensated divider could be 
varied. Figure l^(c) shows the arrangement. 
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IV. TESTING OF THE PROTOTYPE 



A. TESTS PRIOR TO PROTOTYPE INSTALLATION 

In order to obtain, a quantitative measure of the effect 
of the de-Q’ing circuit on the system, the voltage regulation 
was m.easured prior to installation of the prototype. Without 
de-Q’lng it was generally known that the variation in pulse 
amplitude was directly related to fluctuations in The 

system includes tvjo monitors for One is a mllllammeter 

which measures average dc voltage into the system and is cal- 
ibrated for 25kV full scale deflection. This is used in set- 
ting the coarse value of and is usually fixed at .72 or 

l8kV. The second mionitor is a finer measure of fluctua- 

tions. It is a balanced bridge arrangement as shown in Fig. 
17. After a suitable is set by the operator, the switch 

is closed, and the potentiometer dialed in until the meter 
reads null. Then any deviation from the initial value of 
will be Indicated by the deflection of this meter movement. 
During operation, it is desirable to maintain the meter move- 
ment within the sectors marked green. One of the biggest 
problems to the system without de-Q'lng was the sudden appli- 
cation of another load on the ac lines in the building. The 
one having the most noticeable effect on the system was a 
pump which v;ould suddenly switch on at various times during 
a LINAC experiment, and create a transient drop in overall 
line voltage which could be seen at the LINAC in complete 
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FIGURE 17-PRESENT HIGH VOLTAGE 
MONITORS AT CONTROL PANEL 
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loss of electron beam. Correlated with this loss of beam 
was alVv'ays a shift of the meter movement in the bridge 
circuit from the green into the red region. The usual 
process, without de-Q'ing, v;as for the operator to try to 
keep the meter movement in the green region by operating 
a servo motor through buttons on the control panel. The 
servo motor controls the setting of the variac that controls 
the amount of ac voltage that enters the power supply. 

During machine operation the meter movement would also 
stray slightly from null over periods ranging from minutes 
to hours. 

The first test before installation of de-Q*ing was to 
actually measure the percentage of fluctuation correspond- 
ing to the bridge circuit meter movement moving from null 
to the red region. A strip recorder v/as connected at point 
a (see Fig. 17) > and the input voltage and potentiometei"* 
v/ere adjusted until the meter v;as null for v = 2 volts. 

o. 

The 2 volt line was then centered on the strip recorder 
printout and the sensitivity was changed to 20mV/major 
division. The input voltage was then increased to the point 
where the meter movement just passed from green to red on 
the right and held there. Then the voltage was decreased 
so the meter was again nulled. Then the voltage was de- 
creased until the meter movement crossed to the left into 
the red. The strip chart recording is shown in Fig. l8(a). 
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(b) Uncontrolled 

Chart Recordings of Typical Variations in 
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The uncontrollable surge caused by the pump was also 
measured under the above conditions, and the pump turn-on 
and turn-off is indicated in Fig. l8(b). 

From the figure, the percentage of fluctuation neces- 
sary to cause a movement from null to the green-red boundary 
is calculated below 

% dev. = Av/V X lOO:^ = (12 x 10“^/2) x 100 = .6^ 

null 



% dev I = . 1 % 

ipump surge 

This test shov;ed three things: (1) the maximum expected 
short term variation in was well below 1 %; (2) a con- 
trolled . 6 % variation in was available by using the 

bridge circuit meter; (3) The maximum long term variations 
in were no more that 1 % , 

Using this knowledge, the next step v/as to measure how 
this variation in was related to variations in the 

klystron pulse amplitude, without de-Q'ing. An attenuated 
sample of the klystron pulse was fed into a Tektronix Type-Z 
plug-in unit of the oscilloscope. The Z-module is a dif- 
ferential comparator which allows one to measure very small 
fluctuations in amplitude by biasing out the main body of 
the waveform and turning the sensitivity up as high as 
desired. The dc voltage was set at a nominal 15hV, and the 
klystron pulse appeared on the scope as |50 volts in ampli- 
tude. After biasing out the main part of the klystron 
pulse, sensitivity v/as set at .Ivolt/cm, and the following 
data v/as noted : 
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amplitude jitter = .6 volts. 



change in amplitude = i .6 volts as V 
+ 



DC 



vjas varied by 



Therefore, the percentage of fluctuation in pulse am- 
plitude caused by .6^ variation in v/as (.6/50) 100^ = 

\. 2 %. As a guideline for later vjork, or as a performance 
measure of the prototype, a number n v/as defined as 



n 



AV 



pulse 



% 
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and for the system v/ithout de-Q'ing, this number was found 
to be 2. Later, the true v/orth of the prototype was judged 
by calculating the new n, and comparing it with 2. 



B. TESTING OP THE PROTOTYPE 

When the prototype v/as first installed, a number of 
minor modifications had to be made to the prototype and 
to the interface betv/een the prototype and the original mod- 
ulator. Some of these changes vjere necessary before the 
regulation could even be measured. These are discussed- 
below as preliminary changes. Other changes were made but 
these v/ere not necessary to the completion of the testing. 
These are entitled, simply "other changes". Finally, the 
regulation and effect of the prototype on the beam inten- 
sity are discussed. 

1 . Preliminary Problems and Circuit Changes 

After the prototype was installed, the first thought 
was to use the previously described test and use n as a 
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criterion in adjusting for the optimum value of in the 
compensated divider. However, early in the testing stage, 
the compensated divider began to malfunction, causing a 
large number of problems including excessive loading of the 
dc power supply of Fig. 1, extreme overcurrents in the input 
transformers, erratic firing of main thyratron, and higher 
input signals to the comparator than the operational ampli- 
fier could handle. The compensated divider v^as removed, 
and the sampled PPN voltage was obtained instead from a 
resistive string already in place and used in conjunction 
with the main thyratron. There are seventy-two 5601-1^ 
resistors on the string, which amounts to approximately 
forty Mft. The output resistor for the string was then 
selected to be 6.3kQ and this resistor was hand-picked and 
measured on a bridge. With this value inserted, a PFN vol- 
tage of 38kV V70uld correspond to an input of 6 volts to the 
comparator. 

After these changes were made, there was still a 
major problem which inhibited system performance. When the 
de-Q'ing thyratron fired, it generated a huge spike which 
was being picked up in the grid of the main firing thyratron. 
This thyratron, v;hich discharges the PFN, is normally fired 
by a clocked trigger every l6.7ms. The stray pulse generated 
by the de-Q'ing thyratron was causing the PFN to be dis- 
charged more often than 60 times per second. As the repeti- 
tion rate was altered, so vias the average current in the 
klystron pulse. This problem was solved after the stray 
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pulse was traced to the grid of the main thyratron. It 
was found that the extra firing could be stopped by placing 
a small capacitance across the grid of the main thyratron. 
Since the pulse was nanoseconds in duration, even a very 
small capacitor would shunt it away from the grid. The 
value that vjorked was .OOlyf. Two 500pf 30kV capacitors 
were placed in parallel from the main thyratron firing grid 
to ground, and the problem was eliminated. 

Another problem which was less serious did indicate 
that the choice of the operational amplifier for the com- 
parator circuit was more Important than had been expected. 

It was more noticeable v/hile observing the comparator output 
v/aveform while the circuit was de-Q'ing. As shown in 
Chapter II, the expected com.parator output was as shown in 
Pig. 19 (b). Hoviever, Fig. 19(a) is an actual waveform 
observed out of the comparator v;hlle the top waveform (sam- 
pled PFN voltage) is being clipped. Note the initial spike 
and then the later steady high level of comparator output. 
V/lth the y709 op-amp in the comparator, this type of output 
and variations of it were observed. A closer look at the 
sampled PFN revealed that a very large nanosecond pulse 
v;as superimposed on the charge waveform at the instant that 
the de-Q'lng thyratron fires. This is obviously the same 
pulse v/hich had been successfully shunted from the firing 
grid. The pulse, occurring microseconds after the compara- 
tor initially turns on, causes the comparator output to go 
lov/ again. Later, the sampled PFN voltage rises above the 
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(a) top : sampled PPN vol- 
tage 

bottom : comparator out 
put using y709 op amp 



(b) top: same as (a) 

bottom : ideal comparator 
output; output using y7^1 
op amp 




Figure 19- 



Clipped Charge Waveform and Comparatoi- Output 
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reference level again and the comparator output goes high 
again until the end of the cycle. 

In order to clean up the comparator* output waveform, 
a filter was needed to block out the high nanosecond pulse. 
The 709 op-amp requires external frequency compensation. 
Without it 5 the op-amp responds to any stray pulse riding 
on the input waveform. The 7^1, however, is Internally 
frequency-compensated, and when this op-amp was used, the 
comparator output was as expected and is shown in Pig. 19(b). 

The reference voltage v;as designed to be variable 
betvreen ^ and 6 volts, which would allow a range of over 
twelve kilovolts for de-Q'ing. However, the lower limit of 
the firing voltage of the comparator was found to be around 
5 volts after the system was connected up. That is, the 
reference voltage setting seemed to shift by at least one 
volt. The actual voltage at the inverting input of the op- 
amp, however, was measured between 4 and 6 volts as the wiper 
of the potentiometer was varied over its full range. A 
possible explanation, based on a similar experience, is that 
the input legs of the op-amp inadvertantly made contact, 
allov/ing the input voltage from the resistive divider to 
influence the reference voltage dialed in v;ith the potentio- 
meter. The problem was not so serious, however, because the 
normal operating used is around l8kV, and by raising 
this slightly, the higher PFN voltage can be clipped over 
an adequate range (upper 10^) with the reference voltage 
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range as high as it is. In other words, thei’e is really no 
need for a reference voltage below 5 volts anyway. 

2 . Other Circuit Changes 

Another small change was made during the testing 
phase. A small choke, estimated (but not measured) to be 
less than lOOyH, was placed betv^een the charging diodes and 
the PPN. It was wound in fifteen turns of hollow copper 
tubing around an air core about four inches in diameter, 
with about one-half inch between each winding. The purpose 
of this coil was to help reduce any negative spikes gener- 
ated across the PFN when the main thyratron fires and de- 
couple them from the plate of the de-Q'ing thyratron. 
However, no quantitative measurements were m.ade to deter- 
mine the effect of this choke on the system. 

To see the effect of varying the capacitance of the 
de-Q'ing branch, the two l6kV capacitors were placed in 
their three possible configurations and the average current 
in the thyratron I^^(AV) was measured, and the waveform 
Vdc+Vl, i.e., the voltage on the anode of the charge diodes 
was recorded. The results are given in Figs. 20 and 21. 

It was decided to use C = .5yf for the remainder of the 
testing. 

3 . Measuring Improvement Factor Due to Prototype 

Next, a measure of n was made v\rith the prototype in- 
stalled, just to see how "good" the de-Q'ing was. was 

changed from 17-5kV to 20kV. This is a percentage fluctua- 
tion of 2 . 5(100)/l8. 75 = 13 . 3 %. This caused the klystron 
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(a) De-Q'ing C = .25yf 
R = 

Average current = 200ma 




Figure 20. for Different Values of C 

7 3 




(a) Actual waveform at 

anode of charge diodes 

R = 5kf2 
C = .5yf 

Average current = 225 ma 



(b) Theoretical waveform at 
anode of charge diodes 

R = 5kfJ 
C = .5yf 




Figure 21 . + v^ for C - . 5v>f 






pulse to vary in amplitude by .13 volts out of or .3^. 

Thus, the value of r\ with the prototype installed is 3/133 = 
.026. This is 77 times better regulation than that observed 
prior to installation. 

Further improvement was obtained by employing a very 
simple form of resistive compensation, which is described in 
Appendix B. It involved a change in the circuit, 
and the final overall complete circuit diagram is 
given in Fig. 22, When this configuration was tested for 
regulation, the following was observed. VJhen was 
varied by 10.5^, the klystron pulse amplitude varied by only 
.05/^0 = .125^. Thus, the new value of n is .125/10.5 = 
. 0119 . This is 168 times better regulation than that ob" 
served prior to installation. 

The final test of the new prototype was made to 
determine (1) how beam intensity (current) varied as a func- 
tion of klystron voltage and (2) how the fluctuations 

vjhich had formerly caused beam to be lost affected the beam 
with the prototype operating. 

The dc voltage v/as set at .7^ ^ 25kV or l8.5kV, 
and the de-Q'ing reference adjusted to clip the upper 3^* 

The klystron pulse exhibited amplitude jitter of less than 
.1 volt out of 50 , or .2%. To reduce the jitter the heater 
and reservoir voltage on the de-Q'ing thyratron were raised 
slightly until the purple glovj of the thyratron became 
steady. This reduced the jitter in the klystron pulse to 
less than .02/50 = .O'l;^. 
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The rf was adjusted in frequency and amplitude 
until a suitable maximum beam intensity was observed. The 
de-Q'ing reference voltage was decreased until the beam 
intensity had decreased to one half the original value, and 
the percentage change in klystron voltage was recorded as 
- 1 % , The de-Q'ing reference vjas then increased until the 
beam intensity passed through its maximum and fell to one- 
half the maximum. Again the percentage change in klystron 
voltage was recorede as + 1 % above the setting where the 
beam current was maximum. Thus, as shovm in Fig. 23 in 
simple form, a 2 % range of de-Q'ing corresponds to a varia- 
tion over a large portion of the beam intensity. So, 
really, only a very small range of de-Q'ing is actually 
necessary. Because the klystron focusing coils are tuned 
at a certain voltage, and must remain as close as possible 
to this voltage in order to present a constant impedance, 
the de-Q'ing circuitry v/ill always be operating at the same 
nominal voltage (about l8.5kV for and it will only 

be necessary to vary the reference voltage a few percent. 

Finally, the dc input voltage was varied by i . 6 % 
as discussed at the beginning of this chapter. It was 
knovm that prior to installation of the prototype, this very 
change alv;ays caused the beam intensity to drop to zero 
(beam loss). However, v;ith the prototype in place, this 
fluctuation had no noticeable effect on the beam intensity. 
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FIGURE 23-SIHPLE DIAGRAM OF 
RELATIONSHIP OF BEAN INTENSITY 
TO KLYSTRON VOLTAGE 
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APPENDIX A 



Derivation of Equation (8) 



Beginning with Fig. 6(b) , the equivalent circuit for 
the de-Q*ing path, one first determines the conditions of 
the circuit at time t^, the instant that the switch is 
closed. The capacitor was uncharged before t^ and the vol- 
tage across a capacitor cannot change instantaneously. 

Since all three elements are connected in shunt, v^(t) = 
Vj^(t) = Vj^(t) and Vj^Ct^) = v^^Ct^) = 0. 

By assumption the current flov;ing in the choke was 1^ 
in the direction shovjn just prior to t^. According to the 
sign convention indicated in the figure, this must be con- 
sidered as “Iq« Since current through a choke cannot be 
changed instantaneously, = ~^o’ terms of v^Ct^), 

since initially all current in the circuit flows through C, 
this can be v;ritten as v^Ct^) = 

With these conditions in mind, one first writes 
Kirchoff's current law as 

i.. + i^ + i.^ = 0 
L C R 



which, in terms of v^^, becomes 

't 






dv. 



Vj_(l )dT + i Vj_(t) + C ^ . 



'0 



Differentiating the above equation and some manipulation 
yields 
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0 . 



RC LC 



At this point it is convenient to take the Laplace 
transform of the above equation. Letting V(s) = L{v^(t)} 
one obtains 



‘0 



V(s) = 



2 ^ s , 1 

= RC + LC 



For the damped oscillatory case which is used in the 
text, this can be written as 

V(S) : 



f ^ 1 1 


2 + 


1 1 


2RC 

\ / 




LC - 



Letting = Al/hC) - (1/ilR^ C^) and taking the inverse 
transform, one obtains 

f.s ^0 ^-(t-tn)/2RC . ^ \ 

v.Ct) = ■- — e 0 sin w„(t-t ) . 

L CWq U U 

Multiplying the numerator and demonimator of the term 
in the exponent by Uq gives 

- ^0 ^-Wn(t-t„)/2w.RC . f. X 

Vj^Ct) ^ ^ ^ ^ sintOQ\t“"tQ} 

which is exactly Eq. (8) in the text. 



80 



APPENDIX B 



Alternative Method of Compensation 

Figure 24 shows the effect of a shift in on a system 

with a constant delay t. In the first case, the voltage 

level at which the command to regulate is given, v is held 

s 

constant. This means that the times t^ and when the 
command is given are different. They are related by the 
equation 

Vg = Vj^^(l-cos wt^) = (l+x)Vj^^( 1-cos wt 2 ) • 

For a given t^ and and v^ and percentage change x, 

tp could be calculated. Then an expression could be ob- 
tained for the error in the firing voltage, AVppj^. 

AVppi^ = (l + x)Vp^(l-COS wCtp + T)) - Vp^(l-COS 03(t^+T)). 

To calculate Av„t,it one must know the value of t . This 

PFN 

of course can be estimated (in this system it is about 
lOOys) and for a given percentage shift in a value for 

Avppp could be found and the regulation could be calculated. 

To compensate for the delay, one might reverse the pro- 
cedure. For ideal regulation ^4Vppj^ = 0. Starting with this 
condition, one can obtain an expression for tp as a function 
of tp, X, and x. Then as shovm in the second case in the 
figure, the voltage level at which the command to regulate 
is given v^^ould no longer be constant. In fact, one can 
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ALTERNATE TYPE OF COMPENSATION 
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write an expression for the amount of shift that would be 
necessary to achieve =0. It v;ould be 

AVg = - cos o)tp - X + cos wtp - X + xcos COtp). 

This can be written as 

AVg = (x(cos wtp-l) + cos totp - cos ojtpjVp^ 
or 

Av^ - K(x,T)Vp^ . 



This equation implies that better regulation can be 
achieved by varying the level at which the command to re- 
gulate is given, v , by an amount which is proportional to 

s 



V 



DC 



The factor of proportionality depends on the delay 



and on how much varies and in general is difficult to 

calculate. However, using this principle, Av can be made 

s 

dependent on by the circuitry shovm in Fig. 2k. This 

is the configuration which provided the improvement mentioned 

in the final section of the text. The value of R was 

var 

lOMfl and the extra shunt resistor (150kfi) was used to 

achieve n = .0119, but had time permitted (and this will 

most likely be done if better regulation is ever desired), 

the value of R could have been experimentally varied and 
var 

correlated with n. The values given, however, v\'ere more 
than adequate for the present uses of the circuit. It 
seems as though this method of experimentally determining 
the percentage of to feed into the sample is much 

easier than to try to calculate it using the equations. 
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